In this experimental study, a composite of poly-ether-ketone-ketone by reinforcement of hydroxyapatite and chitosan has been prepared for possible applications as orthopaedic scaffolds. Initially, different weight percentages of hydroxyapatite and chitosan were reinforced in the poly-ether-ketone-ketone matrix and tested for melt flow index in order to check the flowability of different compositions/proportions. Suitable compositions revealed by the melt flow index test were then taken forward for the extrusion of filament required for fused deposition modelling. For thermomechanical investigations, Taguchi-based design of experiments has been used with input variables in the extrusion process as follows: temperature, load applied and different composition/proportions. The specimens in the form of feedstock filament produced by the extrusion process were made to undergo tensile testing. The specimens were also inspected by differential scanning calorimetry and photomicrographs. Finally, the specimen showing the best performance from the thermomechanical viewpoint has been selected to extrude the filament for the fused deposition modelling process.
Introduction
The use of biocompatible thermoplastics in orthopaedic and tissue engineering applications is quite common nowadays. The biocompatibility of the poly-etherether-ketone (PEEK) and polysulphone composite has been established by many researchers though in vitro analysis (by direct contact test and extract test on the culture of mouse fibroblast cells). The reinforcement of carbon fibres (CFs) in the PEEK matrix and polysulphone gives appropriate results to carry out the in vivo analysis also. 1 The performance of poly-ether-ketoneketone (PEKK) as compared to PEEK and other commercially available materials for restorative dentistry is also good enough, and hence PEKK is a bright candidate for use in restorative dentistry. 2 It has been reported that the reinforcement of glass fibres and mica on the PEKK matrix improves its mechanical properties when both are added 15% each (by weight) in it. The idea of reinforcing mica comes from the fact that it is cheaper as compared to glass fibres and therefore, instead of a single reinforcement of 30 wt% of glass fibres, 15 wt% each of the glass fibres and mica are used. 3, 4 In hydroxyapatite (HAp)-reinforced PEKK, yield strength and elastic modulus become maximum at 20 vol.% reinforcement level, increase with raising the moulding temperature from 350°C to 375°C and decrease with the increasing porosity level from 75% to 90%. 5 The solid particle erosion rate of CF-reinforced composites of PEEK and PEKK is lower than that for their glass-fibre-reinforced composites. Scanning electron microscopy reveals that high erosion occurs due to weak fibre matrix bonding in the case of glass-fibrereinforced composites. 6 When standard tensile test specimens of PEEK, PEKK and polybenzimidazole (PBI) are subjected to stirring in D 2 O under ambient conditions and subjected to steam treatment at the temperatures of 150°C and 315°C, then PBI picks up a higher amount of D 2 O under all conditions, while PEKK and PEEK pick up only traces of D 2 O. At 315°C, PEKK shows the best performance, while PBI becomes rough and brittle on the surface. 7 The compressive, tensile and three-point bending test reveals that, in the case of three-dimensional (3D) printing, the best mechanical properties for PEEK are obtained at the layer thickness of 300 mm and the raster angle of 0°. The comparative analysis between acrylonitrile-butadiene-styrene (ABS) and PEEK shows that bending, compressive and tensile strengths for PEEK are, respectively, 115%, 114% and 108% higher than those of ABS. 8 A composite of CF and silver nanowires (AgNW) in the PEKK matrix prepared using the film stacking method produces poorquality composite samples due to the presence of large void spaces and superior results are obtained when the powder impregnation method is used as it involves homogeneous mixing of silver nanowires in the PEKK matrix. The electrical conductivity is measured to be between 200 and 250 S/m with the proportion of silver nanowires ranging from 1.5 to 2.5 vol.%. 9 Some composites of PEEK offer superior mechanical properties (like CF-reinforced PEEK), while others give higher biocompatibility (like HAp-reinforced PEEK). Therefore, ternary composites are now being used that give both high biocompatibility and high mechanical strength. 10 Thermogravimetric analysis (TGA) shows that pyrolysis of carbon-phenolic composite starts at about 200°C-250°C, whereas, for carbon-PEKK, it starts at about 500°C. Therefore, carbon-PEKK is more suitable for aircraft applications as it can withstand high temperatures. This property is due to monomer's chemical structure. 11 PEEK is non-allergic, nontoxic, resistant to the hydrolysis process, is stable at high temperature of sterilization, has low affinity for plaque, has tensile properties and Young modulus close to the human bone, Young modulus of 3-4 GPa, flexural modulus of 140-170 MPa, density of 1300 kg m -3 , thermal conductivity of 0.29 W m -1 K -1 , and thermal stability of up to 335.8°C, and offers the best biocompatibility. 12 In high-temperature laser sintering of PEEK, an implant can be made using build orientations like horizontal, oblique, vertical and inverted horizontal. Among these, the horizontal configuration presents the highest dimensional accuracy. The highest weight of the implant is also observed in this configuration. The best results for the uniaxial compression test are obtained for the inverted horizontal configuration. The vertical and oblique orientations result in brittle components. The worst performance is obtained for vertical orientation. 13 PEEK may be processed at temperatures ranging between 390°C and 420°C by any of the methods like compression moulding, injection moulding or extrusion. At 143°C, PEEK transforms from a glassy substance to a soft rubbery material and this is called its glass transition temperature. The melting of PEEK takes place at 343°C. PEEK does not get degraded by even long-term contact with water even if the temperature rises to about 260°C. It is chemically non-reactive and this contributes to its biocompatibility making it fit for application in implants. 14 The evaluation of the thermophysical properties of three composite materials, namely, carbon-epoxy, carbon-phenolic and carbon-PEKK, from ambient conditions to 1000°C
shows that carbon-PEKK offers better thermal performance with regard to density, thermal conductivity and specific heat. Also work has been done to find the best among the three by the evaluation of pyrolysis gases coming out from these composites undergoing fire. Carbon-PEKK exhibits the best performance as it shows the highest lower flammability limit (LFL), undergoes slight loss of mass, degrades at higher temperatures and yields a low amount of products in pyrolysis. 15, 16 PEEK has been reported as the matrix with fillers like Al 2 O 3 , SiO 2 , fly ash, TiO 2 , HAp and graphite using melt compounding, ball milling and physical powder mixing as methods of powder preparation. PEKK has been reported as the matrix with the filler of CFs using cryogenic ball milling as the powder preparation method. 17 Optimal parameters for 3D printing for PEEK are as follows: printing speed of 60 mm s -1 , printing temperature of 370°C, layer thickness of 0.2 mm and filling ratio of 40%. The three-point bending test and impact test have proved that the parameters selected are good enough. 18 When PEKK is maintained under a condition above its melting point, there is an increase in glass transition temperature (T g ), viscosity and weight average molar mass (M w ) which are the characteristics of the cross-linking degradation mechanism. But, simultaneously, the number average molar mass (M n ) remains constant which indicates a chain scission degradation mechanism. The cross-linking mechanism is dominant over the chain scission mechanism. 19 Shear strength at the interface, flexural strength and modulus are not so good when a composite is formed between the PEEK matrix and the CF reinforcement. A method has been developed to improve these properties whereby the CFs are first activated, then coated with PEKK and finally reinforced in PEEK. It results in superior performance because of two reasons: first, there is a development of hydrogen bonds between activated CFs and PEKK; second, a good compatibility between the PEEK matrix and the PEKK-coated CF reinforcement is attained due to the similar chemical structures of PEEK and PEKK. 20 A comparative analysis of the osteointegration property between PEEK and PEKK gives superior results for PEKK than PEEK. This is so because PEKK has a higher number of ketone groups which provide easy surface chemical modification. PEKK has a higher number of micropores and a larger amount of bone-like apatite gets deposited on porous PEKK as compared to porous PEEK. 21 There does not exist any significant difference in mechanical strength and optical properties (evaluated using spectrophotometer) of the PEKK specimens made by two methods, namely, computer-aided design/ computer-aided manufacturing (CAD/CAM) milling and hot pressing using a standard ceramic pressing furnace. 22 If additive manufacturing of PEEK is performed using the fused deposition modelling (FDM) technique using three different configurations, namely, H-0°, H-90°and V-90°, then the best performance in flexural, tensile and fracture tests is obtained for the H-0°configuration and then for H-90°and finally for the V-90°configuration. 23 PEKK is gaining importance because it can be processed at temperatures lower than that required for PEEK. Moreover, the price of PEKK is about 60% less as compared to PEEK. 24 The literature review reveals that a lot of work has been reported to optimize the FDM process parameters for printing of the PEEK/PEKK polymer. A number of composites of PEEK and PEKK polymers have been prepared and tested for biaxial flexural strength, tensile strength, perforation resistance, fracture strength and so on. Also their behaviour at elevated temperatures and under fire conditions has been investigated. Their use in orthopaedics and dentistry has also been widely explored. In vitro studies of PEEK have also been performed. Till now, little has been reported for preparing the composite using HAp and chitosan (CS) fillers/reinforcement in the PEKK matrix and using this composite filament for printing via FDM. It should be noted that CS has a number of industrial, agricultural and biomedical applications, such as biopesticide (for the treatment of fungal infections), self-healing polyurethane paint (for coating) and bandages to reduce bleeding and drug delivery through the skin. The CS has been established as an antibacterial agent and thus has useful scaffold applications. The CS improves the transport of polar drugs across epithelial surfaces and is biocompatible and biodegradable. The HAp has a number of applications as the bone grafting material for dental prosthetics, hip replacements and dental implants. Hence, in this study, the filament of PEKK-HAp-CS has been prepared (in which PEKK is a matrix and HAp and CS act as reinforcements/fillers in relatively less proportion) using the twin-screw extrusion process which can be subsequently used for printing in FDM.
Materials and methods
In this study, GAPEKK 6-3200G grade of PEKK was procured from Gharda Chemicals Ltd (Bandra West, India). First, the rheological test (based upon melt flow index (MFI)) was performed for selecting the best composition by mixing different percentages (by weight) of HAp and CS. The MFI test was performed according to the ASTM D 1238 standard. According to the standard, a load of 5 kg was applied at the temperature of 380°C to extrude the material. The compositions that showed suitable melt flow rates were selected for the extrusion process. Taguchi L9 orthogonal array (OA) with the following input parameters: (a) temperature of extrusion, (b) load applied to attain extrudate and (c) different weight percentages of HAp and CS in PEKK was selected for this study. The methodology adopted in the proposed study is shown in Figure 1 .
Experimentation

Selecting the appropriate composition by the MFI test
The MFI test was performed according to the ASTM D 1238 standard for PEKK at 380°C and at the load of 5 kg. Also the peak strengths of the samples were determined on a universal tensile testing setup. Table 1 shows MFI values for different compositions/proportions of the PEKK composite.
As observed from Table 1 , the composition/proportion 100-0-0 has the highest peak strength value but it is not the required case as it does not contain HAp and CS. The next best compositions/proportions according to the flow characteristics, MFI values and peak strengths are 90-8-2, 92-6-2 and 94-4-2. Figure 2 shows the MFI tester used in this study.
Selecting optimal extrusion parameters
Based upon the observation of Table 1 and the pilot study, Table 2 shows the L9-based control log for experimentation. The levels of temperature and load have been judicially selected based upon the observation of uniform diameter (F2 mm) feedstock filament preparation. For tensile testing of the specimen feedstock filament, a commercial universal tensile testing machine (UTM) setup (SE5000N; Shanta Engineering, Pune, India) has been used. Figure 3 shows the schematic of the UTM. In this study, the grip separation was maintained at 50 mm with the extension rate of 50 mm per minute.
Results and discussion
Based upon Tables 2, Table 3 shows the results of the tensile test.
As observed from Table 3 , sample no. 7 has the best mechanical properties and therefore it may be used for 3D printing. Furthermore, based upon Table 3 , Figure 4 shows the stress versus strain diagram for the PEKK composite matrix.
Based upon Table 3 and Figure 4 , the modulus of toughness has been calculated (see Table 4 ) for understanding the crash application of the PEKK composite matrix. As observed from Table 4 , sample no. 7 possesses the highest modulus of toughness and sample no. 2 has the lowest modulus of toughness. This may be because of better dispersion of HAp and CS reinforcement in the PEKK matrix in experimental settings suggested under the experimental conditions for sample no. 7, hence justifying the use of sample no. 7 in scaffold applications.
Differential scanning calorimetry
Also based upon Table 3 , differential scanning calorimetry (DSC) observations of the best sample (sample no. 7), the worst sample (sample no. 2) and pure/virgin PEKK were plotted (see Figure 5 ). As observed from Figure 5 , virgin PEKK (marked as curve 1) has a heat capacity intake of 8.42 J g -1 , whereas the PEKK composite sample no. 7 (marked as curve 2) has a heat capacity of 10.43 J g -1 and the PEKK composite sample no. 3 (marked as curve 3) has a heat capacity of 5.28 J g -1 . This means that sample no. 7 has better thermal stability and will act as a thermodynamic sink while working at relatively high temperatures. This may be because of better processing conditions attained in experiment no. 7. For a better understanding of the processing conditions, the analysis of the signal-to-noise (SN) ratio and analysis of variance were performed (see Tables 5 and 6 ) on the strength at peak and break data shown in Table 3 for multifactor optimization.
As observed from Table 6 , the processing temperature is the most contributing factor (68.45%) and the residual error is 5.18%. Furthermore, based upon Table 5 , Figure 6 shows the SN plots for the best parametric settings. As observed from Figure 6 , the confirmatory experimentation has been performed for the composition/proportion 92-6-2, at 325°C and a load of 9 kg. The tensile properties observed in these settings are as follows: peak strength 55.2 MPa and break strength 49.3 MPa which are better from the observed values in sample no. 7 (Table 3) . Figure 7 shows the photomicrographs of sample no. 7 (with better mechanical properties), sample no. 2 (with poor mechanical properties) as per Table 2 and virgin PEKK during tensile testing.
Microscopic examination
As observed from Figure 7 , sample no. 2 has more voids/porosity (visual observations) as compared to sample no. 7 and virgin PEKK is observed with very less porosity. Based upon Figure 7 , Figure 8 shows the rendered image of photomicrographs and surface Three observations were made on each setting to reduce the experimental error and the average of the three has been presented. 
Conclusion
The following conclusions can be drawn from the results: 1. The compositions 91-8-1 and 89-8-3 give poor flowability in the MFI test and cannot be used for FDM printing. The compositions 96-2-2, 94-4-2, 92-6-2 and 90-8-2 give fair flowability and can be considered. 2. The filament prepared during the extrusion process from the composition 94-4-2 at the temperature of 325°C and under an applied load of 9 kg gives the highest mechanical strength and the composition 90-8-2 at 350°C and under 7 kg load gives the lowest strength. 3. As regards multifactor optimization for feedstock filament preparation by the extrusion process, temperature is the most significant factor (68.45%) followed by composition (14.73%) and load (13.02%).
4. The DSC reveals that there is not any significant difference in onset, peak and endset temperatures of virgin PEKK and the composites prepared but the heat capacity of sample no. 7 with the composition 94-4-2 is better and hence may be employed in scaffold applications.
In this study, in vitro and in vivo analyses of the proposed compositions/proportions have not been reported as this may vary from case to case (patientspecific data to be taken). For example, for the scaffold/implant applications in dentistry, the serum stability analysis will have different media in comparison to some orthopaedic applications. The cell culture for the growth of fibroblast cells requires different attention as per patient/location-specific requirements. Further studies may be conducted to explore the combined effect of non-resorbable polymer matrix with resorbable reinforcement.
